In recent years comparative studies have been made betwveen chlorotic plants and healthy plants to determine if any consistent distortion of the normal metabolic pattern occurs irrespective of the cause of chlorosis. Experiments by Iljin (6) indicated a greater amino acid and organic acid content in chlorotic leaves from grape plants grown on calcareous soil than in normal green leaves. DeKock et al (4) also found that significantly larger amounts of free amino acids and organic acids were associated with tissue in which chlorosis was present. Rhodes et al (11) observed that aspartic and glutaniic acids which are formed directly from organic acids were present in high concentrations in lime-induced chlorotic bean leaves.
In recent years comparative studies have been made betwveen chlorotic plants and healthy plants to determine if any consistent distortion of the normal metabolic pattern occurs irrespective of the cause of chlorosis. Experiments by Iljin (6) indicated a greater amino acid and organic acid content in chlorotic leaves from grape plants grown on calcareous soil than in normal green leaves. DeKock et al (4) also found that significantly larger amounts of free amino acids and organic acids were associated with tissue in which chlorosis was present. Rhodes et al (11) observed that aspartic and glutaniic acids which are formed directly from organic acids were present in high concentrations in lime-induced chlorotic bean leaves.
From earlier studies we may assume that the disorders in metabolism associated with chlorosis in higher plants, such as blocks in the pathways for synthesizing amino acids and proteins from organic acids, or abnormal operations of the TCA cycle are either causative factors or the result of chlorosis. In this study, in order to gain more evidence for the mechanisms by which chlorosis is induced, comparative studies on the organic acid fractions between chlorotic and healthy leaves were conducted. Chlorosis was induced in the experimental plants by high phosphorous, manganese, bicarbonate, or iron deficiency.
MATERIALS & METHODS EXPERINIENTAL PLANTS. Glycine wax (L.)
Merr. variety PI-54619-5-1 (PI) soybean was selected as an experimental plant because of its sensitivity to iron chlorosis by mineral deficiencies or excesses. Hawkeye (HA) soybean was also used in one experiment to compare with the less resistant PI variety.
The soybeans were germinated on cheesecloth in half strength Hoagland's nutrient solution (5) , and then transferred to containers having the same nutrient composition. In one experiment the plants were transferred to pots containing pearlite (expanded pumice) and irrigated daily with nutrient solution.
Wvhen seedlings were about ten days old, they were transplanted to aerated nutrient solutions in growth 'Received December 12, 1960 Tweenty-five grams of PI soybean leaf tissue were macerated for 3 minutes in an Omni mlixer in an ice bath with 100 ml of 70 % acetone and allowed to stand overnight. After filtration the residue was extracted with hot 0.01 x HCl, filtered, and combined with the first extractions after removal of the acetone by distillation. The pH was then adjusted to 7.0 and the volume of extract reduced to about 150 ml in vacuo at 400 C. The extract was passed through a permutit Q column (28 cm X 1.5 cm) in which the amino acids were absorbed. The effluent from the permutit Q column was run through an Amberlite IR4B column, which absorbed the organic acids. The effluent was discarded. The organic acids were eluted from the Amberlite column with 200 ml of a N-NH3 solution, and the eluate was concentrated to a small volume in vacuo at 50°C and made up to 10 ml. A portion of this was used for partition chromatography analysis.
Silica gel partition chromatography with a gradient elution technique was used for separation of organic acids in leaf extracts. The concentration of organic acids eluted was determined by titration with standard alkali. Silica gel was prepared from reagent grade sodium metasilicate essentially as described by Neish (10) . However, to obtain sufficiently high flow rates on the column it was necessary to remove the finer particles by suspending the material repeatedly in water and decanting the upper liquid after the coarse material had settled. In this experiment the final pH of the wasllings was about 8.0.
The silica gel column was contained in a glass tube 25 cm long and 1.2 cm internal diameter. Four grams of dry silica gel were mixed with 3.5 ml of 1.0 N H2SO4 and slurried with 20 ml of CHCl3. The slurry of silica gel was poured in gradually and transferred to the chromatographic tube in five or six portions so that about a four centimeter section of the bed was formed at one time. The gel was packed by inserting a circle of filter paper, pressed with glass tubing and adjusted to a final height of 18 cm.
The solvent mixtures employed were 2 % and 50 % (v/v) reagent grade tert-amyl alcohol in CHC13 (afterwards referred to as CA2 & CA50, resp.) The CHCl3 was washed with distilled water to remove ethanol. The mixtures of CA2 and CA50 were equilibrated with 0.1 N H2SO4 and passed through filter paper to remove suspended water droplets.
Two milliliters of the sample solution were made alkaline to thymol blue and evaporated to dryness on a boiling water bath. The residue was cooled and dissolved in 1.5 N H2S04 (about 1.3 ml) to adjust the pH to 1 to 2 with pH paper; 0.7 g of silica gel was mixed with the sample to give a free-floating powder. This was transferred to the top of the column, washed down and slurried with a small volume (5 ml) of CHCl3 and packed under a filter paper disk. The tube was then filled with solvent mixture CA2.
The simple arrangement used for gradient elution consisted of two reservoirs. The recipient was a glass bottle of 250 ml capacity. The top of this bottle was connected to a 500 ml separatory funnel by a rubber cork. The recipient bottle contained 235 ml of CA2 and the funnel contained 450 ml of CA50. The column was fed from the recipient reservoir, which was stirred magnetically. Such a system delivered solvent continuously changing in concentration. By mounting the reservoirs about 80 cm above the column sufficient pressure was obtained to give a flow rate of approximately 18 ml/hour. The effluent was collected in 3.5 ml fractions by a drop counter fraction collector (fig 1) . the sample was titrated with 0.01 N NaOH using thynvol blue as indicator.
Results obtained from the separation of a synthetic mixture of acids are shown in figure 2. The titre for each fraction was plotted against the fraction numiber. This method gave good separation with well-defined peaks of fumaric, malic, and citric acids. Some overlapping of succinic and malonic acids occurred under these conditions. Better resolution was obtained if the recipient reservoir lhad a 300 ml capacity. In the experiments, overlapping of malonic and succinic acids occurred but it was often possible to separate them. Recovery of individual acids exceeded 95 %.
After titration of each fraction, the fractions within the same peak were combinedl. The water layer was separated and concentrated to about one miilliliter. This solution was subjected to qualitative descenting paper chromatography. The After development of the chromatograms, the sheets were removed from the tank, the solvent front was marked, and the solvents were removed by hanging the paper at room temperature for more than 2 hours in a stream of air in a chamber.
The spot locations were identified by spraying the sheet with bromophenol blue or with ammoniacal silver nitrate solution. The acidic spots could be seen immendiately after spraying with the former reagent.
The content of iron was determined in the leaves of chlorotic and normal plants by Saywell's colorimetric o-phenanthroline method (12) . One 
DISCUSSION
Less iron was found in the chlorotic leaves than leaves from comparable control plants. It was also evident that increases in the citric acid content occurred in chlorotic tissue regardless of how chlorosis was induced. Citric acid existed in largest amounts in foliage that was most markedly chlorotic. Similar findings were observed earlier by Iljin (6, 7, 8) and Schander (13, 14, 15) in lime-induced chlorotic tissue. Other acids isolated were fumarate, succinate, malonate, and malate. These observations indicated the presence of four of the Kreb's cycle acids and suggested the existence of the Kreb's cycle oxidation scheme in PI and HA soybean leaves. The accumulation of citric acid in chlorotic leaves may be due to a block in the pathway of amino acid and protein synthesis from organic acids, or abnormal operation of the Kreb's cycle.
Wadleigh and Brown (16) and Lindsey and Thorne (9) concluded that lime-induced chlorosis symptoms were similar to iron deficiency chlorosis in many respects, and suggested that bicarbonateinduced chlorosis symptoms were analogous to limeinduced chlorosis symptoms. The present data indicated that iron deficiency-induced chlorosis was not synonymous with bicarbonate or lime-induced chlorosis with respect to organic acid changes observed in chlorotic tissue.
Striking differences in malonate accumulation could be found in chlorotic tissues in comparison between iron deficiency chlorosis and bicarbonateinduced chlorosis. In bicarbonate-induced chlorotic leaves the malonic acid concentration was much higher than in control leaves. Conversely, in chlorotic plants growing in the low iron solutions the malonic acid concentration was higher in the control plants. Little (2) suggested that the effect of HCO3 on chlorosis was indirect and linked to its effect on phosphorous solubility. Brown (1) suggested further that the bicarbonate ion was a factor contributing to the development of iron-deficiency chlorosis through its indirect action on entry and activity of iron. Though it is not clear whether malonate metabolism is related to the development of bicarbonate chlorosis, the present data indicate that bicarbonate-induced chlorosis or high phosphorous-induced chlorosis was not similar to iron deficiency chlorosis in respect to malonate metabolism and total organic acid concentration.
In the high manganese-induced chlorosis experiments, malonate concentration was much higher in control leaves than in chlorotic leaves, but there was no difference in total organic acid concentration. The organic acid composition of chlorotic leaves from the iron deficiency and high manganese experiments shows a similar pattern. Direct comparison cannot be made since the nutrient solutions of the two treatments differed in mineral concentration. It is postulated, however, that high manganese in the nutrient solution competed with iron absorption and upset the metabolism in a way similar to that in iron deficiency experiments.
SUM MARY
Experiments were conducted on iron chlorosis in higher plants as related to organic acid content. The Glycine max variety PI-54619-5-1 (PI) soybean was grown in growth chambers where light intensity, day length, and temperature were controlled.
Four types of iron chlorosis were induced: A, iron deficiency induced chlorosis; B, bicarbonate induced chlorosis; C, high phosphorus induced chlorosis; D, high manganese induced chlorosis.
Soybeans were harvested and 25 g of leaf tissues were analyzed qualitatively and quantitatively for organic acid by silica gel partition chromatography.
Chlorotic leaves contained less iron than control leaves in three treatments.
Significant increases in citric acid content were found in the leaves of chlorotic plants when compared to the leaves of control plants regardless of 
